The metabolic model Mm

Mm1
The metabolic model Mm1 assumes that the only mechanism that controls the shape of the BOLD response is that the blood vessels increase the blood flow in response to a lack of oxygen during the stimulus.
States and reactions
State Interpretation
Stimulus input signal
Change in oxyhemoglobin level
Change in deoxyhemoglobin level
Change in oxygen level
Change in glucose level
Delay state Oxygen controls the feedback in the metabolic model Mm1. Red dots = data mean and SE, blue line = model simulation.
Mm2
The metabolic model Mm2 assumes that the only mechanism that controls the shape of the BOLD response is that the blood vessels increase the blood flow in response to a lack of glucose during the stimulus. 
Stimulus input signal 0 0 0
Change in oxyhemoglobin level 107.10 107.10 107.1
Change in deoxyhemoglobin level 92.90 92.90 92.9
Change in oxygen level 0.52 0.52 0.52 
Oxyhemoglobin influx Oxyhemoglobin outflux
Deoxyhemoglobin influx Deoxyhemoglobin outflux Glucose influx Glucose outflux
Oxygen influx Oxygen outflux
Delay state reactions
Delay state reactions 
Mm3
The metabolic model Mm3 assumes that the only mechanism that controls the shape of the BOLD response is that the blood vessels increase the blood flow in response to a lack of glucose during the stimulus. The delay states are placed in the glucose feedback, not between stimulus and metabolism. 
Stimulus input signal 0 0
Change in oxyhemoglobin level 1.84 16.15
Change in deoxyhemoglo bin level 18.16 3.85
Change in oxygen level 0.12 0.0018
1.41 5.60
Delay state -2.11*10 -14 -8.12*10 -15
Reaction Interpretation
Rate of releasing oxyhemoglobin into oxygen and deoxyhemoglobin
Rate of binding oxygen and deoxyhemoglobin into oxyhemoglobin
Oxyhemoglobin influx Oxyhemoglobin outflux
Deoxyhemoglobin influx Deoxyhemoglobin outflux
Glucose influx Glucose outflux
Basal metabolism
Metabolism during stimulation 
The Neurotransmitter model Mn
Mn1
The neurotransmitter model Mn1 assumes that the mechanism that controls the shape of the BOLD response is the vessel response to signaling substances released by neurons and astrocytes in response to a stimulus.
Interaction graph
Fig. C: Interaction graph of the neurotransmitter feed-forward model. The neurotransmitter feed-forward hypothesis is described in more detail in Attwell 2010. Whole squares = states, dashed squares = variables (summed from states), whole arrows = transformations, dashed arrows = interactions, green area = astrocyte, blue area = neuron. All states starting with S and a number are delay states. Stimulus is the input to the model. Calcium neuron and calcium Astrocyte = calcium ion (Ca 2+ ) level in the cell, NO = nitric oxide, cGMP = cyclic guanosine monophosphate, AA = arachidonic acid, EET = epoxyeicosatrienoic acids, PG = prostaglandins and HETE = hydroxyeicosatetraeonic acid (20-HETE).
States and reactions
State Interpretation Steady State value p6
Stimulus input signal 0
Glutamate release in the synaptic cleft
Calcium influx in the astrocyte 1.45
Change in AA level 768.92
Calcium influx in the neuron 0.78
Change in NO level 0.72
HETE effecting the blood vessels 
EET effecting the blood vessels 
Reactions Interpretation
= ! × !"#$ = × !"#
Stimulus input
Glucose breakdown and reuptake
Calcium influx in the astrocyte Calcium outflux in the astrocyte Calcium induced AA
AA turning into HETE AA turning into PG AA turning into EET
Calcium influx in the neuron Calcium outflux in the neuron Calcium induced NO
NO induced cGMP NO breakdown
Delay state reactions HETE breakdown
Delay state reactions PG breakdown 
Mn2
Minimized version of the neurotransmitter model Mn1. The main mechanism is the balance between the vasoconstricting and the vasodilating arm of the model structure.
The states, variables and parameters of this model do not have a biological interpretation. 
Interaction graph
Fit to data
Fit of the minimal model Mn2 to data. Red dots = data mean and SE, blue line = model simulation.
States and reactions
State equation Steady State values best fit intensity experiment
( ) = 0
3.86×10 -21
( 1) 
The feed-forward with metabolism model Mnm
Mnm1 Model structure
The combined model Mnm1 is a merge between the metabolic model Mm3 and the neurotansmitter model Mn1. It assumes that the vessel response to signaling substances released by neurons and astrocytes in response to a stimulus controls the blood flow. The metabolism controls the balance of dHb and oHb. Therefore, both the metabolism and the intracellular signaling controls the shape of the BOLD response. The metabolism of O2 is the main mechanism behind the intial dip while the blood flow controls the peak and the post-peak undershoot. 
Interactiongraph
Change in oxyhemoglobin level 5.54 7.21
Change in deoxyhemoglobin level 14.45 12.79
Change in oxygen level 0.8 1.26
Change in glucose level 6.85 8.66
Delay state 5.54×10 -17 7.85×10 -18
Glutamate release in the synaptic cleft 1.54×10 -17 6.08×10 -19
Calcium influx in the astrocyte 8.67 2.15
Change in AA level 1433.15 36.56
Calcium influx in the neuron 2885.39 2.52
Change in NO level 127.69 0.09
EET effecting the blood vessels Reactions Interpretation
Rate of releasing oxyhemoglobin into oxygen and deoxyhemoglobin
Oxyhemoglobin influx Oxyhemoglobin outflux
Glucose influx Glucose outflux
Stimulus input to the metabolic module Delay state reaction
Stimulus input to the neurotransmitter module Glucose breakdown and reuptake
Delay state reactions HETE breakdown Signal substance effect on blood flow ŷ unitless ! × Output signal
Parameters and parameter values
Parameter sets for model Mnm1 used in Fig. 8 , Fig. 9 and Fig. 10 . Cost: p7 = 7.17, p9 = 11.24.
Glucose metabolism in the model Mnm1
Figure G: Simulated glucose metabolism in the model Mnm1. 
Mnm2 Model structure
Mnm1 is a minimized version of the model structure Mnm1.
Interactiongraph
Fig. H: Interaction graph of the final model structure Mnm2. The model structure has two modules: the neurotransmitter module, which controls the blood flow, and the metabolic module, which controls the oxygen and glucose metabolism. Whole squares = states, dashed squares = variables (dependent on states), whole arrows = transformations, dashed arrows = interactions, green area = astrocyte, blue area = neuron, grey area = blood. All states starting with "delay" and a number (e.g delay2s) are delay states. Stimulus is the input to the model. Stimulus = input signal. oHb and dHb are oxyhemoglobin and deoxyhemoglobin, respectively. Glu = glucose, Calcium neuron and calcium astrocyte = calcium ion (Ca 2+ ) level in the cell, AA = arachidonic acid. All terms starting with k (e.g k1), are parameters and in most cases represent rate constants. PL is a parameter representing phospholipase A2, which is present in abundance. Gbody, O2body, oHbbody and dHbbody, are variables representing the glucose, oxygen and hemoglobin delivered into the area. "Constrict" and "dilate" are states representing the vasoactive substances which control the blood flow. 
States and reactions
Stimulus input signal 1 1
Change in oxyhemoglobin level 3.76 3.28
Change in deoxyhemoglobin level 16.24 16.72
Change in oxygen level 0.77 0.71 
Glutamate release in the synaptic cleft -2.53×10 -17 -6.09×10 -19
Calcium influx in the astrocyte 27.71 10.09
Change in AA level 386.51 124.27 Reactions Interpretation
Rate of releasing oxyhemoglobin into oxygen and deoxyhemoglobin Rate of binding oxygen and deoxyhemoglobin into oxyhemoglobin
Oxyhemoglobin influx Oxyhemoglobin outflux
Glucose influx Glucose outflux
Oxygen influx Oxygen outflux 
Delay states Cost: p8 = 27.5 and p10 = 18.8
